AIMS: Important risk factors for the progression from impaired glucose tolerance to type II diabetes mellitus are obesity, diet and physical inactivity. The aim of this study is to evaluate the effect of a lifestyle-intervention programme on glucose tolerance in Dutch subjects with impaired glucose tolerance (IGT). METHODS: A total of 102 subjects were studied, randomised into two groups. Subjects in the intervention group received regular dietary advice, and were stimulated to lose weight and to increase their physical activity. The control group received only brief information about the beneficial effects of a healthy diet and increased physical activity. Before and after the first year, glucose tolerance was measured and several other measurements were done. RESULTS: Body weight loss after 1 y was higher in the intervention group. The 2-h blood glucose concentration decreased 0.870.3 mmol/l in the intervention group and increased 0.270.3 mmol/l in the control group (Po0.05). Body weight loss and increased physical fitness were the most important determinants of improved glucose tolerance and insulin sensitivity. CONCLUSION: A lifestyle-intervention programme according to general recommendations is effective and induces beneficial changes in lifestyle, which improve glucose tolerance in subjects with IGT. Body weight loss and increased physical fitness were the most important determinants of improved glucose tolerance and insulin sensitivity.
Introduction
A cumulative incidence of progression to diabetes ranging from 23 to 63% is reported among subjects with impaired glucose tolerance (IGT) followed for 2 y up to 27 y. 1 The blood glucose concentration 2 h after an oral glucose load is an important predictor of progression to type II diabetes mellitus. 1, 2 Therefore, subjects with IGT are an important target group for the prevention of type II diabetes mellitus and cardiovascular disease. Several studies have examined the effect of interventions on the progression from IGT to diabetes. Strategies used were drug and/or diet interventions, 3, 4 diet and/or exercise, 5 or the combination of diet and exercise, often referred to as a lifestyle intervention. [6] [7] [8] [9] The Malmö study 6 showed the feasibility of such a lifestyle-intervention programme, achieving substantial metabolic improvement after 6 y of a combined diet and physical exercise intervention in men with IGT and early-stage type II diabetes mellitus. Unfortunately, only men were participating in this study and subjects were not randomised to one of the intervention modalities.
The first large, well-controlled, long-term intervention study assessing the impact of lifestyle changes on the progression from IGT to type II diabetes mellitus was the Finish Diabetes Prevention Study (DPS). 8 The risk of diabetes was reduced by 58% in the intervention group after a mean duration of follow-up of 3.2 y, and the reduction in incidence was directly associated with changes in lifestyle. The Diabetes Prevention Program (DPP) in the United States, a clinical trial designed to evaluate the safety and efficacy of interventions that may delay or prevent development of diabetes in people at increased risk for type II diabetes mellitus, shows a comparable reduction in the incidence of diabetes. 9 Lifestyle changes and treatment with metformin both reduced the incidence of diabetes; however, the lifestyle intervention was twice as effective as metformin in reducing the incidence of diabetes. 9 To develop and implement intervention programmes, it would be useful to assess the relative importance of changes in several lifestyle factors, that is, dietary intake, body weight and physical activity, on changes in glucose tolerance and the incidence of diabetes. The Chinese Da Qing IGT and Diabetes Study did try to assess the effect of diet alone, exercise alone or the combination of diet and exercise on the development of diabetes. 5 All intervention modalities led to a significant decrease in the incidence of diabetes; proportional hazard analysis suggested that exercise and the combination of diet and exercise were associated with a larger risk reduction than diet alone. However, firm conclusions cannot be drawn from the latter study because there are concerns about the generalisability of these results to other populations. The Study on Lifestyle-intervention and Impaired Glucose Tolerance Maastricht (SLIM) is a 3-yr intervention study carried out to evaluate the effect of lifestyle-intervention programme on glucose tolerance and insulin resistance in subjects at risk for developing type II diabetes mellitus. The aim of this paper is to evaluate the effect of this programme after the first year. Secondly, we aim to identify which lifestyle or anthropometric factors are most strongly related to changes in glucose tolerance and insulin resistance.
Material and methods
Study design and subjects SLIM, is designed to study whether a diet/physical activity intervention programme can improve glucose tolerance in subjects with a risk of developing type II diabetes mellitus. The total study duration is 3 y.
Recruitment of subjects. The recruitment period started in March 1999. Subjects with a risk for glucose intolerance, that is, those of age 440 y and a family history of diabetes or a body mass index (BMI) Z25 kg/m 2 , were selected from an existing cohort 10 and invited to undergo a first capillary oral glucose tolerance test (OGTT). Subjects with known or overt diabetes were excluded. Subjects with an elevated 2-h blood glucose concentration were invited to undergo a second OGTT. For definitive inclusion in the study, mean 2-h glucose concentration of both OGTTs had to be between 7.8 and 12.5 mmol/l, together with a nondiabetic fasting glucose concentration, that is, less than 7.8 mmol/l. Furthermore, subjects were excluded according to the following criteria: previously diagnosed diabetes mellitus, other than gestational diabetes mellitus; medication use known to interfere with glucose tolerance (eg chronic steroid use); participation in regular vigorous exercise or an intensive weight reduction programme during the last year before the start of the study; and any (chronic) disease that makes participation in a lifestyleintervention program impossible, or has an improbable 5-y survival.
After the recruitment, subjects were randomised to one of the two study groups, the intervention group or the control group. Randomisation was carried out with stratification for sex and mean 2-h plasma glucose concentration. The Medical Ethical Review Committee of Maastricht University approved the study protocol, and all subjects gave their written informed consent before the start of the study.
Altogether, 175 subjects were recruited from the first screening OGTT and invited to undergo a second OGTT. After the second OGTT, 114 subjects (64 men and 50 women) were eligible for the study and have been randomised to one of the two study groups.
Lifestyle-intervention programme
Intervention group. The intervention programme consists of a dietary and physical activity part, with visits scheduled at regular intervals throughout the study.
Dietary recommendations were based on the Dutch guidelines for a healthy diet (Dutch Nutrition Council) and consisted of: carbohydrate intake of at least 55% of total energy intake (energy%); total fat intake of less than 30-35 energy%, with less than 10 energy% intake of saturated fatty acids (SAFAs); a cholesterol intake of less than 33 mg/MJ; and protein intake of 10-15 energy% and an intake of dietary fibre of at least 3 g/MJ. A weight-loss of 5-10% during the first year, depending on the degree of obesity, was initially aimed at. No very low-calorie diets (VLCDs) or other weightloss agents were used throughout the study. Furthermore, participants were encouraged to stop smoking and, if necessary, to reduce alcohol intake. Dietary advice was given by a skilled dietitian on an individual basis after consideration of the individual 3-day food record. The first visit was 4-6 weeks after randomisation, to enable assessment of dietary intake as recorded in the baseline 3-day food record. A second visit followed at 3 months. Thereafter, every 3 months a visit was scheduled. An important goal in the dietary intervention was to reduce saturated fat intake, which was discussed at every visit. At the end of every visit, goals were set for the next visit, like 'replacing high-fat cheese by low-fat cheese' or 'using (olive) oil instead of butter during meal preparing'. For the visit at 9 months, a group session was scheduled instead of an individual visit.
Subjects were stimulated to increase their physical activity to at least 30 min of moderate physical activity a day for at least 5 days a week, a recommendation made by the American College of Sports Medicine. 11 At the start of the study, the individual amount of physical activity was
Lifestyle changer and glucose tolerance M Mensink et al discussed with a physician. Individual advice was given as to how to increase daily physical activity (walking, cycling and swimming) and goals were set. During every visit with the dietitian physical activity goals were evaluated, and if necessary, new goals were set. Furthermore, subjects were encouraged to participate in an exercise program, specially designed for this study, consisting of components of aerobic exercise training and components of resistance training. Exercise sessions were supervised by trainers used to working with a group of middle-aged people. Subjects had free access to these training sessions, and were stimulated to participate at least 1 h a week. Intensity of the exercise program was monitored several times and the degree of participation of each individual was recorded by the trainer.
Control group. Subjects in the control group were informed about the beneficial effects of a healthy diet, weight loss and increased physical activity, whereas no individual advice or programmes were provided. Furthermore, each subject received brief written information about the benefits of a healthy diet and increased physical activity. No additional appointments were scheduled, apart from the visit after 1 y for the annual measurements.
Measurements
Glucose tolerance testing. To follow changes in glucose tolerance during the study a standard OGTT with venous blood sampling was performed at the start of the study and at year 1. After an overnight fast, subjects reported to the laboratory by car or by bus; fasting blood samples were drawn, and subjects received the glucose load (75 g glucose, dissolved in 250 ml water, AVEBE, The Netherlands). After 30 min, 1-and 2-h blood samples were drawn for the determination of the blood glucose concentration.
Laboratory assessments. Plasma glucose concentration was measured with a standard enzymatic technique automated on the Cobas Fara centrifugal analyser (Glucose HK 125, ABX diagnostics, Montpellier, France). Plasma insulin concentration was measured with an ELISA assay (Mercodia, Uppsala, Sweden), which shows no crossreactivity with proinsulin. Glycated haemoglobin (HbA 1c ) was determined in a fasting plasma sample with the HPLC technique (reference value for our laboratory 4.4-6.2%). Fasting plasma glucose and insulin concentration were used to calculate an index for insulin resistance with the homeostasis model assessment (HOMA index) described by Matthews et al. 12 As an indicator for insulin secretion the insulinogenic index 30 0 was used (Insulin30-insulin0)/(glucose30-glucose0). 13 Anthropometry. Anthropometric measurements were performed at the start of the study and after 1 y. Body weight was measured with an electronical scale to the nearest 0.1 kg, with the subject wearing only light clothing. Height was measured to the nearest 0.5 cm with the subject standing on the floor without shoes with the back straight against the wall. BMI was calculated as the ratio of the weight and height squared (kg/m 2 ). Body composition was measured using bioimpedance equipment (Hydra, Xitron Utilities, San Diego, USA). Owing to technical difficulties, BIA was performed in 69 subjects (31 INT and 38 CON). Waist circumference (waist) was measured with the subject in standing position at the level midway between the lowest rib and the iliac crest to the nearest 0.5 cm and hip circumference was measured as the maximum circumference over the buttocks to the nearest 0.5 cm. Waist-to-hip ratio (WHR) was computed as the ratio between waist and hip circumference. Sagittal and transverse abdominal diameter were measured with the subject in a recumbent position, at the level of the crista iliaca to the nearest millimetre using a sliding beam calliper.
Maximal aerobic capacity. An incremental exhaustive exercise test was performed on an electronically braked bicycle ergometer (Lode Excalibur, Groningen, The Netherlands) to determine the maximal power output (W max ) and maximal peak oxygen consumption (VO 2max ). The test started at a workload of 0.75 W/kg fat-free mass (FFM) for 3 min, followed by 3 min at 1.5 W/kg FFM. Subsequently, the workload was increased every 3 min by 0.5 W/kg FFM until exhaustion; that is, subjects were no longer able to maintain a pedalling frequency above 60 rpm. Throughout the whole experiment, O 2 consumption and CO 2 production were measured with an Oxycon-Beta (Mijnhard, Breda, The Netherlands) to define maximal peakVO 2 . Maximal power output was calculated using the time spent on the last workload until exhaustion.
Other measurements. Before the start of the study and at the visit after 1 y a medical history was taken and a physical examination was performed, including recording of a 12-lead resting ECG. A 3-day food record (two weekdays and one weekend day) was kept at the start of the study and after 1 y. Food records were checked by a dietitian and intake of nutrients was calculated with a computer program using the Dutch food table.
Outcome. In this study, the primary outcome measure is the change in glucose tolerance, defined as the 2-h blood glucose concentration during the OGTT. Secondary outcome measures are changes in fasting plasma glucose concentration, changes in plasma insulin concentration, changes in insulin resistance (as indicated by the HOMA index) and changes in HbA 1c .
Statistical analysis. Data are expressed as mean7s.e.m. Changes after 1 y of intervention are calculated and expressed as mean and their 95% CI. Differences at baseline, at year 1 and differences in mean changes from baseline to year 1 between groups were analysed with an unpaired t-test. A two-tailed paired t-test was used to analyse differences Lifestyle changer and glucose tolerance M Mensink et al within groups between baseline and at year 1. Univariate and stepwise regression analyses were performed to identify the contribution of changes in lifestyle and anthropometric factors to changes in glucose tolerance (2-h glucose tolerance) and insulin resistance (HOMA index) in the intervention group. All analyses were performed with Statview 5.0 for Macintosh.
Results
At the start of the study 114 subjects were randomised to one of the two study groups. During the first year, total dropout was 10% (twelve subjects). The dropout rate was higher in the intervention group (eight subjects) as compared to the control group (four subjects). Two subjects dropped out for medical reasons (thyroid disease and cancer) and ten subjects for motivational reasons (lack of time, too much effort). Baseline characteristics of the subjects who did leave the study did not differ from the 102 subjects completing the first year (data not shown). In this paper, the results of the 102 subjects still participating in the study after the first year will be presented and discussed. Table 1 depicts the characteristics of the 102 subjects at baseline. No differences were found in baseline characteristics between the groups. Baseline fasting and 2-h blood glucose concentrations were 6.0 and 8.8 mmol/l in the intervention group, and 5.8 and 8.6 mmol/l in the control group.
Reduction in body weight after 1 y was significantly larger in the intervention group as compared to the control group (Po0.01, see Table 2 ). Also, a significant larger decrease in waist circumference and sagittal and transverse abdominal diameter was seen in the intervention group as compared to the control group, whereas changes in WHR did not change in both groups (see Table 2 ). As measured with bioimpedance, change in fat mass (FM) was significantly different between groups (À1.270.6 vs +0.570.5 kg for INT and CON, respectively: Po0.05; n ¼ 69); change in FFM was not (À0.670.3 vs À1.070.5 kg for INT and CON, respectively: P ¼ NS; n ¼ 69). The intervention group showed a larger increase in VO 2max and W max compared to the control group (Po0.05). After 1 y, 2-h blood glucose concentration was decreased to 0.8 mmol/l in the intervention group (95% CI: À1.3, À0.2) compared to an increase of 0.2 mmol/l (95% CI: À0.4, +0.8) in the control group (P-value for differences in change between groups o0.05). Fasting insulin concentration was 2.5 mU/l lower after 1 y in the intervention group compared to a slight increase of 0.4 mU/l in the control group (P-value for difference in change o0.01). Insulin resistance, as indicated by the HOMA index, decreased in the intervention group and slightly increased in the control group (P-value for difference in change o0.05, see Table 2 ). The insulinogenic index, an index of Beta-cell function, did not change in both groups.
Nutrient intake at baseline and after 1 y, calculated from the 3-day food record, is shown in Table 3 . Baseline values for energy intake, macronutrient intake, alcohol consumption and fibre intake were comparable between groups. At the end of year 1, the intervention group had increased their carbohydrate and fibre intake (Po0.001). Subjects in the intervention group decreased their total fat intake, saturated and monounsaturated fatty acid (MUFA) intake (Po 0.001) without changing their polyunsaturated fatty acid (PUFA) intake. Changes in intake of total fat, SAFA, MUFA, carbohydrate and fibres were significantly different between groups (Po0.05, See Table 3 ).
Finally, we analysed the impact of changes in risk factors on changes in glucose tolerance and insulin resistance in the intervention group. In Table 4 , the results of the regression analysis are shown. The change in sagittal abdominal diameter correlated with the change in glucose tolerance (Po0.05). The change in body weight, BMI and VO 2max tended to correlate with the change in glucose tolerance (Po0.10). Forward stepwise regression analysis with body weight, sagittal diameter and VO 2max as independent variables revealed that the change in body weight was most strongly related to the change in glucose tolerance (0.13 mmol/l/kg body weight, Po0.05). The same procedure was repeated with the change in HOMA index as a dependent variable (Table 4) . Changes in body weight, body composition (waist, WHR and sagittal diameter), aerobic capacity and nutrient intake (total fat and MUFA and SAFA) were related to changes in insulin resistance (all Po0.05).
Stepwise regression with changes in body weight, sagittal Lifestyle changer and glucose tolerance M Mensink et al diameter, VO 2max and fat intake as the independent variable showed that both change in body weight and change in VO 2max were related to the change in HOMA index (Po0.01).
Discussion
SLIM is carried out to evaluate the effect of lifestyle changes on glucose tolerance in subjects at risk for developing type II diabetes mellitus. The 3-y lifestyle-intervention programme consists of a dietary and physical activity part. In this paper the results after 1 y of intervention are reported. The main finding is that after 1 y glucose tolerance was significantly improved in the intervention group, with a decrease in the 2-h blood glucose concentration of 0.8 mmol/l, which is significantly different from the increase of 0.2 mmol/l found in the control group. Several studies have started to evaluate intervention programmes that may delay or prevent the development of type II diabetes mellitus in high-risk subjects. The Finnish DPS was the first well-designed large-scale intervention study clearly showing the impact of lifestyle changes on glucose tolerance and the incidence of diabetes. 8 After a mean Data are expressed as mean7s.e.m. (95% CI). P-value for difference in change between groups: *o0.05; **o0.01; ***o0.001. Table 3 Nutritional intake, as reported in the 3-day food diary, at baseline and at year 1 for intervention and control group Baseline 1 y P-value for diff. in change Data are expressed as mean7s.e.m. P-value for the difference within groups between 1 y and baseline: ***o0.001. FA = fatty acid; SAFA = saturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid.
Lifestyle changer and glucose tolerance M Mensink et al follow-up time of 3.2 y, a risk reduction of 58% was seen in the intervention group. The recently published US Diabetes Prevention Program showed that lifestyle changes and treatment with metformin both reduced the incidence of diabetes. However, the lifestyle intervention was more effective than metformin. 9 The results of our study demonstrate once again the importance of lifestyle changes on changes in glucose tolerance. Furthermore, they confirm that a lifestyle intervention works in a different population. This is important since the (long-term) effect of a lifestyle intervention will depend on the underlying food and exercise habits, frequency of obesity and IGT, and the attitude of the participants towards lifestyle-intervention programmes. For example, an important difference between the Finnish DPS, the American DPP and the present study is the degree of obesity in the population studied. Average BMI was 29.5 kg/ m 2 in our study vs 31.2 kg/m 2 in the Finnish DPS 8 and 33.9 kg/m 2 in the American DPP. 9 As obesity is known as one of the most important risk factors for the progression of IGT to type II diabetes mellitus, our results indicate that even in a population with a lower degree of obesity a lifestyleintervention programme can substantially improve glucose tolerance. This is in line with the finding from the American DPP that in subgroups with a different degree of obesity, a comparable risk reduction was found with a lifestyle intervention. 9 The incidence of type II diabetes rises in a graded manner with an increasing 2-h blood glucose concentration, even at levels below the threshold for IGT. 1, 14 Thus, a decrease in 2-h glucose should lead to a decreased risk of progression to diabetes. In the Finnish DPS, a reduction of 0.9 mmol/l in the 2-h blood glucose concentration after 1 y gave rise to a risk reduction of 58% in the incidence of diabetes at the end of the study. 8 The change in 2-h blood glucose concentration found in our study after 1 y was of comparable magnitude (À0.8 mmol/l), indicating a considerable reduction in the risk of progression to type II diabetes mellitus.
In accordance with the results found in earlier studies, 5, 8 weight loss was small, but substantial (À2.7 kg in the intervention group vs À0.2 kg in the control group). This is somewhat less than that found in the DPS 8 and the DPP. . Weight loss was achieved by dietary advice, based on guidelines for a healthy diet (Dutch Nutrition Council), regular support (every 3 months) and the stimulation to increase the level of physical activity. No severe energy restriction or (very) lowcalorie diet was prescribed, which often results in large amounts of weight-loss with a substantial regain after the dieting period. Weight loss was attributable for one-third to loss of FFM, and two-third to FM. Whether the weight reduction achieved after 1 y can be maintained during the remainder of the study will be seen in the future.
Not only the overall body weight decreased, but also abdominal obesity decreased, as reflected by the decrease in waist circumference and sagittal abdominal diameter. This is important, because abdominal obesity is positively is associated with (prograssion to) type II diabetes mellitus, 1 .
No difference in change in the WHR was observed as the reduction in weight in the intervention group resulted in both a reduction in waist and hip circumference. The relative small changes in body weight and abdominal fat accumulation seen in the intervention group after 1 y were accompanied by a substantial improvement in glucose tolerance and a reduction in insulin resistance, as indicated by a decreased HOMA index and fasting insulin concentration. This points out the impact of relative small changes in body weight and abdominal body fat on metabolic improvements. Table 3 .
Lifestyle changer and glucose tolerance M Mensink et al Diet and nutrition play an important part in the development of type II diabetes mellitus. Besides total fat and carbohydrate intake, the type of fat and carbohydrate appears to be important. 16 A higher intake of polyunsaturated fat and possibly long-chain n-3 FAs could be beneficial, whereas a higher intake of SAFAs and trans-FAs could adversely affect glucose metabolism. 16 After 1 y subjects in the intervention group had successfully exchanged saturated and monounsaturated fat for carbohydrates without changing their polyunsaturated fat intake. Since SAFA may adversely affect glucose metabolism, this exchange could beneficially influence glucose tolerance. Comparable results were found in the KANWU-study, 17 where reducing SAFA and increasing MUFA intake induced a significant improvement in insulin sensitivity in subjects with a lower fat intake (o37 energy%). Furthermore, fibre intake was increased in the intervention group. A higher amount of dietary fibre seems to improve glycaemic and insulinaemic responses and lower the risk of type II diabetes mellitus. 16 When interpreting data on dietary intake, some caution has to be taken into account. Subjects reported their food intake by means of a 3-day food record, which give rise to under-reporting, especially in obese subjects. 18 Furthermore, changes in the intervention group in dietary intake could reflect a more advised dietary change than the actual dietary change. To develop and implement intervention programmes aiming at the prevention or the delay of the progression from IGT to diabetes, it is useful to assess the importance of changes in several lifestyle factors, that is, dietary intake, body weight and physical activity. Our purpose was not to compare several different intervention strategies with each other, but rather to identify which lifestyle and anthropometric factors (as body weight, visceral adiposity, physical fitness and nutritional intake) were most strongly related with changes in glucose tolerance and insulin resistance. An advantage of the present study was that we were able to relate these factors to changes in glucose tolerance, as well as to changes in insulin resistance (HOMA index). Change in body weight was the most important factor associated with improvement in glucose tolerance and insulin sensitivity in the intervention group. However, besides weight loss there was an additional effect of increased aerobic capacity (VO 2max ) on the improvement in insulin resistance. An observation comparable to results of the Malmö study, in which an improvement in glucose tolerance, was correlated to both weight reduction and increased fitness. 6 This effect of increased aerobic capacity or fitness is not surprising regarding the impact of exercise (training) on insulin sensitivity. 19 In conclusion, our study shows that a lifestyle-intervention programme according to general recommendations is effective and improves glucose tolerance in subjects with IGT, thereby reducing the risk of progression to type II diabetes. Body weight loss and increased physical fitness were the most important determinants of improved glucose tolerance and insulin sensitivity.
